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HIGH SENSITIVITY ATOMIC 
MAGNETOMETER AND METHODS FOR 

USING SAME 

RELATED APPLICATION 

This application claims the bene?t of priority of provi 
sional application U.S. Ser. No. 60/418,696, ?led Oct. 16, 
2002. 

GOVERNMENT RIGHTS 

The present invention Was made With Government sup 
port and the Government has certain rights in the invention. 

FIELD OF THE INVENTION 

The present invention relates to a highly sensitive mag 
netometer having the ability to detect very loW magnetic 
?eld intensities, and to methods of measuring such loW 
intensity magnetic ?elds. More particularly, the invention 
relates to atomic magnetometers that rely on polariZing 
alkali metal vapor, and probing the state of magnetiZation of 
the polarized metal atoms. The invention further relates to 
measuring characteristics of a magnetic ?eld originating 
from a variety of sources, including organs of the human 
body. 

BACKGROUND OF THE INVENTION 

Over the past several decades ultra-sensitive magnetom 
eters have found a Wide range of applications, from con 
densed matter experiments (Tsuei, C. C. et al., Phys. Rev. 
Lett. 85, 1824185 (2000)) and gravitational Wave detection 
(Harry, G. M. et al., Appl. Phys. Lett. 76, 144641448 
(2000)), to detection of nuclear magnetic resonance (NMR) 
signals (Greenberg, Ya. S., Rev. Mod. Phys. 70, 1754222 
(1998); McDermott, R. et al., Science 295, 22474249 
(2002)), studies of paleomagnetism (Kirschvink, J. L. et al., 
Science 275, 16294163 (1997)), non-destructive testing 
(TralshaWala, N. et al., Appl. Phys. Lett. 71, 157341575 
(1997)), and ordinance detection (Clem, T. R., Nav. Eng. J 
110, 1394149 (1998)). For the last 30 years superconducting 
quantum interference devices (SQUIDs) operating at 4K 
have been unchallenged as ultra-high-sensitivity magnetic 
?eld detectors (SQUID Sensors: Fundamentals, Fabrication 
and Applications, Ed. Weinstock, H., KluWer Academic 
(1996)) With a sensitivity reaching doWn to 1 fT/HZl2 (Where 
fT designates femtotesla, or 10-15 tesla). 

The most notable application of magnetic ?eld sensors 
has emerged in the measurement of biomagnetism (Ha 
malainen M. et al., Rev. Mod. Phys. 65, 4134497 (1993); 
RodrigueZ, E. et al., Nature 397, 4304133 (1999)), ie the 
detection of the Weak magnetic ?elds produced by the 
human brain, heart, and other organs. These instruments 
have enabled, among other applications, mapping of the 
magnetic ?elds produced by the brain and localiZation of the 
underlying electrical activity (magnetoencephalography, 
MEG). For example, measurements of the magnetic ?eld 
produced by the brain have been used to diagnose epilepsy 
and to study neural responses to auditory and visual stimuli. 
LoW temperature SQUID sensors (Zimmerman, J. E. et al., 
J. Appl. Phys. 41, 157241580 (1970); Drung, D. et al., IEEE 
TAppl. Supercon. 11, 8804883 (2001); Oukhanski, N. et al., 
Physica C 368, 1664170 (2002)), Which so far have domi 
nated all of the aforementioned applications, have attained 
sensitivity levels of 0.941 .4 IT/HZl/Z With a pick-up coil area 
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2 
on the order of 1 cm2. Their noise in the loW-frequency 
range of interest for biomagnetic studies (<100 HZ), hoW 
ever, is typically someWhat higher; indeed, commercial 
SQUID magnetometers typically (Del Gratta C, et al., Rep. 
Prog. Phys. 64, 175941814 (2001)) have noise levels of 
about 5 fT/Hzl/z, partly due to magnetic noise generated by 
electrically-conductive radiation shielding of their liquid 
helium deWars (Nenonen, J. et al., Rev. Sci. Instr 67, 
239742405 (1996)). 
Atomic magnetometers, an important alternative to 

SQUID instruments, are based on detection of Larmor spin 
precession of optically pumped atoms. Alkali metal magne 
tometers have approached similar levels of sensitivity When 
using large measurement volumes (Aleksandrov, E. B. et al., 
Optics and Spectr. 78, 2924298 (1995); Budker, D. et al., 
Phys. Rev. A 62, 043403 (2000)), but have much loWer 
sensitivity in more compact designs suitable for magnetic 
imaging applications (Alfolderbach, C. et al., Appl Phys B 
75, 6054612 (2002)). 

Spin exchange in alkali metal vapors has been discussed 
in Happer W. et al. (Phys. Rev. Lett. 31, 273 (1973) and in 
Happer W. et al. (Phys. Rev. A 16 1877 (1977)), Which report 
experimental and theoretical aspects of observing magnetic 
resonance in high density alkali metal vapors in the presence 
of a buffer gas. US. Pat. No. 4,005,355 to Happer. et al. 
discloses a high-density alkali vapor optically pumped to 
produce a narroW magnetic resonance line With a frequency 
proportional to a magnetic ?eld. 

Bison et al. (a) (Appl. Phys. B. 76, 325 (2003) and Bison 
et al. (b) (Opt. Expr. 11, 908 (2003)) disclose an optically 
pumped cesium atom magnetometer for use in dynamic 
cardiac magnetic imaging. Observed magnetic noise levels 
in Bison et al. (b) appear to be on the order of 1000 fT/Hzl/z. 

Upschulte et al. (US. Pat. No. 6,472,869) discloses a 
diode laser-pumped alkali magnetometer. In Upschulte et 
al., response radiation includes photons that indicate one 
unit of angular momentum indicative of the torque due to the 
magnetic ?eld, and a photodiode and scope that act as a 
means for measuring the response radiation. Upschulte et al. 
disclose a projected sensitivity of less than 6 pT/HZl/2 
(pTrpicotesla or 10'12 tesla). 

In vieW of the disadvantages of relatively poor sensitivity, 
and draWbacks such as large bulk and use of cryogenic 
systems summariZed above, there remains a need for a 
magnetometer that can operate in the absence of expensive 
liquid helium deWars needed to maintain superconducting 
conditions, and also to avoid the need for other lique?ed gas 
deWars used With higher temperature superconducting 
devices. In addition there remains a need for the develop 
ment of advantageous atomic magnetometers With high 
sensitivity. There further is a need for a compact magne 
tometer that is relatively inexpensive to assemble and oper 
ate. Additionally there is a need for carrying out biomagnetic 
measurements With high spatial resolution in order to 
observe localiZed areas Within a living subject. The present 
invention addresses these and related unmet needs. 

SUMMARY OF THE INVENTION 

In a ?rst aspect, the present invention provides a high 
sensitivity atomic magnetometer that includes 

a) a sensing cell containing a mixture including an alkali 
metal vapor and a buffer gas, Wherein the sensing cell 
is exposed to a background magnetic ?eld loWer than a 
?rst predetermined value; 
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b) means for increasing the magnetic polarization of the 
alkali metal vapor thereby increasing the sensitivity of 
the alkali metal vapor to a loW intensity magnetic ?eld; 

c) magnetizing means for imposing a magnetic ?eld on a 
volume of space including the sensing cell; 

d) means for probing the magnetic polarization of the 
alkali metal vapor, the probing means providing an 
output from the alkali metal vapor, the output including 
characteristics related to the loW intensity magnetic 
?eld; and 

e) measuring means Wherein the measuring means 
receives the output, determines the characteristics of 
the loW intensity magnetic ?eld, and provides a repre 
sentation of the loW intensity magnetic ?eld; 

Wherein the limit of detectability of the atomic magnetom 
eter is loWer than a second predetermined value. 

In an additional aspect, the present invention provides a 
high sensitivity atomic magnetometer that generates a rep 
resentation of a ?rst magnetic ?eld originating Within a 
sample volume, the magnetometer including 

a) a sensing cell sensitive to loW intensity magnetic ?elds 
including an alkali metal vapor and a buffer gas, the 
sensing cell being adjacent to a sample volume includ 
ing a component generating a ?rst magnetic ?eld, 
Wherein the sensing cell is exposed to a background 
magnetic ?eld loWer than a ?rst predetermined value; 

b) means for increasing the magnetic polarization of the 
alkali metal vapor, Wherein the magnetic polarization 
of the alkali metal vapor includes a contribution from 
the ?rst magnetic ?eld; 

c) magnetizing means for imposing a magnetic ?eld on a 
volume of space including the sensing cell; 

d) means for probing the magnetic polarization of the 
alkali metal vapor, the probing means providing an 
output from the vapor including characteristics related 
to the ?rst magnetic ?eld; and 

e) measuring means for receiving the output, determining 
the characteristics of the ?rst magnetic ?eld, and pro 
viding a representation of the ?rst magnetic ?eld; 

Wherein the limit of detectability of the atomic magnetom 
eter is loWer than a second predetermined value. 

In yet an additional aspect, the present invention provides 
a method for providing a representation of a loW intensity 
magnetic ?eld detected by a sensing cell that has high 
sensitivity to a magnetic ?eld, the method including the 
steps of: 

a) providing an atomic magnetometer such as described 
above; 

b) increasing the magnetic polarization of the alkali metal 
vapor, thereby increasing the sensitivity of the alkali 
metal vapor to a loW intensity magnetic ?eld; 

c) reorienting the magnetic polarization of the alkali metal 
vapor using a magnetic ?eld; 

d) probing the magnetic polarization of the reoriented 
alkali metal vapor With the probing means, Wherein the 
probing means provides an output Whose characteris 
tics are related to the loW intensity magnetic ?eld; and 

e) receiving the output in the measuring means, deter 
mining the characteristics of the loW intensity magnetic 
?eld, and providing a representation of the loW inten 
sity magnetic ?eld detected by the sensing cell. 

In still a further aspect, the present invention provides a 
method for providing a representation of a ?rst magnetic 
?eld originating Within a sample volume, the method includ 
ing the steps of: 
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4 
a) providing a high sensitivity apparatus described 

described in the preceding; 
b) identifying a sample volume adjacent to the sensing 

cell; 
c) increasing the magnetic polarization of the alkali metal 

vapor, Wherein the magnetic polarization of the alkali 
metal vapor includes a contribution from the ?rst 
magnetic ?eld; 

d) reorienting the magnetic polarization of the alkali metal 
vapor using a magnetic ?eld; 

e) probing the magnetic polarization of the reoriented 
alkali metal vapor With the probing means, Wherein the 
probing means provides an output Whose characteris 
tics are related to the ?rst magnetic ?eld; and 

f) receiving the output in the measuring means, Wherein 
the measuring means determines the characteristics of 
the ?rst magnetic ?eld and provides a representation of 
the ?rst magnetic ?eld detected by the sensing cell. 

In important embodiments of the atomic magnetometer 
methods disclosed herein, the magnetometer includes mag 
netic shielding enclosing a region of space that includes the 
magnetizing means, the sample volume, and the sensing 
cell. The shielding and the magnetizing means contribute to 
providing that the ?rst predetermined value is 10'8 tesla or 
loWer. 

In signi?cant embodiments of the atomic magnetometer 
and methods of the invention, the density of the alkali metal 
in the vapor is about 1011 cm-3 or greater. The alkali metal 
is chosen from among sodium, potassium, rubidium and 
cesium, and, in still more signi?cant embodiments, the alkali 
metal is potassium. Importantly, the sensing cell is main 
tained at a temperature that is effective to provide an alkali 
metal vapor at a density greater than about 1011 cm_3. 

In advantageous embodiments of atomic magnetometer 
and methods disclosed herein, the buffer gas includes a 
noble gas. The buffer gas may include one or more isotopes 
of helium, and is included at a pressure in the range from 
about 1 atm to about 10 atm. Signi?cantly, the buffer gas 
may further include nitrogen gas, or it may be constituted 
solely of nitrogen gas. 

Factors such as the temperature and consequent density of 
the vapor, and the presence and composition of the buffer 
gas contribute to providing that the second predetermined 
value describing the sensitivity limit of the present magne 
tometer is about 1 femtotesla (Hz)_1/2, or even loWer. 

In still further signi?cant embodiments of the atomic 
magnetometer and methods disclosed herein, the sensing 
cell transmits a plurality of beams of radiation through the 
alkali metal vapor, Wherein at least tWo of the beams are 
physically resolved from each other. In addition, the volume 
of the sensing cell advantageously is less than about 200 
cm3. 

In yet a further important embodiment of the atomic 
magnetometer and methods, the means for increasing the 
magnetic polarization of the alkali metal vapor includes a 
?rst radiation generating means that generates a ?rst beam of 
radiation illuminating the alkali metal vapor. The ?rst beam 
is effective to increase the magnetic polarization of the alkali 
metal vapor. In still more important embodiments, the ?rst 
radiation generating means includes a ?rst laser device. In 
another important embodiment, the ?rst radiation generating 
means further includes a ?rst optical polarizing means that 
polarizes the ?rst beam of radiation. The ?rst optical polar 
izing means may impose linear polarization on the ?rst beam 
of radiation, or, alternatively, it may impose circular polar 
ization on the ?rst beam of radiation. 
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In yet a further important embodiment, the ?rst radiation 
generating means further includes a ?rst modulator that 
modulates the ?rst beam of radiation by a ?rst modulation 
function. 

Still additional signi?cant embodiments of the atomic 
magnetometer and methods of the present invention provide 
that the probing means includes one or more second radia 
tion generating means that generates one or more second 
beams of radiation traversing the alkali metal vapor; after 
the one or more second beams traverse the vapor they 
constitute the output of the magnetometer. In still more 
signi?cant embodiments the second radiation generating 
means includes a second laser device. Still more signi? 
cantly, the second radiation generating means includes a 
second optical polarizing means that polarizes the second 
beam of radiation. The second optical polarizing means may 
impose linear polarization on the second beam of radiation, 
or it may impose circular polarization on the second beam of 
radiation. Still additionally, in signi?cant embodiments the 
second radiation generating means includes a second modu 
lator that modulates the second beam of radiation by a 
second modulation function. 

Still further important embodiments of the atomic mag 
netometer and methods of the present invention provide that 
the magnetizing means provides a probing magnetic ?eld in 
one, tWo, or all three of the orthogonal directions, x, y, 
and/or z. In addition, the magnetizing means provides a 
probing magnetic ?eld modulated by a third modulation 
function. 

In yet additional advantageous embodiments of the 
atomic magnetometer and methods of the present invention, 
the measuring means includes one or more output detecting 
means that provides one or more signals. The one or more 

signals contain characteristics related to the loW intensity 
magnetic ?eld. The measuring means also includes one or 
more signal processing means for receiving the one or more 
signals and providing the representation. Still more advan 
tageously the output detecting means includes radiation 
detecting means that detects a second beam of radiation 
output from the alkali metal vapor. In particular advanta 
geous embodiments, a third optical polarizing means is 
situated betWeen the sensing cell and the radiation detecting 
means. The third optical polarizing means may include a 
linear polarization analyzer, or it may include a circular 
polarization analyzer. 

In still additional advantageous embodiments the radia 
tion detecting means includes one or more photodetectors, 
such that each photodetector provides a signal that contains 
characteristics related to the loW intensity magnetic ?eld. 
When a ?rst modulation function or second modulation 
function has been employed, the signal advantageously 
includes a component modulated by the ?rst modulation 
function or the second modulation function, or both. 

In still additional advantageous embodiments of the 
atomic magnetometer and methods of the invention, the 
signal processing means receives at least a portion of a 
signal from the output detecting means. The signal process 
ing means operates to resolve characteristics related to the 
loW intensity magnetic ?eld from the signal and provides a 
representation thereof, such that the representation charac 
terizes the loW intensity magnetic ?eld detected by the 
sensing cell. When the signal is modulated by a ?rst modu 
lation function or a second modulation function, or both, the 
signal processing means detects a component in the signal 
that is modulated by the ?rst modulation function or the 
second modulation function, or both. 
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6 
In still additional highly advantageous embodiments of 

the invention, the measuring means includes tWo or more 
output detecting means, Wherein a ?rst output detecting 
means detects radiation traversing a ?rst region of the alkali 
metal vapor and a second output detecting means detects 
radiation traversing a second, different, region of the alkali 
metal vapor. In these embodiments the ?rst output detecting 
means provides a signal to a ?rst signal processing means 
and the second output detecting means provides a signal to 
a second signal processing means; the ?rst signal processing 
means provides a representation of the loW intensity mag 
netic ?eld-sensed in the ?rst region and the second signal 
processing means provides a representation of the loW 
intensity magnetic ?eld sensed in the second region. 

In still additional advantageous embodiments, the dis 
tance separating a ?rst region and a second region is about 
1 cm or less, and the volume of such a region is about 1 cm3 
or less. 

In still additional important embodiments of the inven 
tion, a sample volume de?ned in a magnetometer and 
method includes at least a portion of a mammalian subject. 

In yet a further important embodiment of the magnetom 
eter and methods of the invention, the representation 
includes a representation of a source of a ?rst magnetic ?eld 
occurring Within the sample volume displayed in one of 
three orthogonal Cartesian coordinates, or in tWo of three 
orthogonal Cartesian coordinates, or in three of three 
orthogonal Cartesian coordinates, referenced to the sample 
volume. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1. Schematic diagram of several components 
employed in an embodiment of an atomic magnetometer of 
the invention. 

FIG. 2. Schematic diagram of several components 
employed in an embodiment of a means for increasing the 
magnetic polarization of an alkali metal vapor. 

FIG. 3. Schematic diagram of several components 
employed in an embodiment of a means for probing the 
magnetic polarization of an alkali metal vapor. 

FIG. 4. Schematic diagram of several components 
employed in an embodiment of a measuring module. 

FIG. 5. Schematic diagram of several components 
employed in an embodiment of an atomic magnetometer of 
the present invention suitable for use on biological subjects. 

FIG. 6. Schematic diagram of an embodiment of the 
atomic magnetometer of the invention. Inset a, Expanded 
vieW of a photodiode array used to detect the probe beam. 
Inset b, Expanded vieW of the sensing cell shoWing genera 
tion of an x-component of polarization P,C in response to a 
?eld By. 

FIG. 7. Simulation of relaxation rate and theoretical 
magnetic ?eld sensitivity of an atomic magnetometer of the 
invention. Panel a, Estimate of the transverse relaxation rate 
l/T2. Panel b, Estimated magnetic ?eld sensitivity shot 
noise limit for a measurement volume V:0.3 cm3. 

FIG. 8. Magnetic ?eld sensitivity and bandWidth of the 
magnetometer of Example 3. Panel a, magnetic ?eld noise in 
a single channel (dashed line) and intrinsic magnetic ?eld 
sensitivity of a single channel extracted from the difference 
betWeen adjacent channels (solid line). Panel b, absolute 
?eld sensitivity. Panel c (inset), magnetic ?eld noise in the 
channel difference as a function of the distance betWeen 
channels. 

FIG. 9. Localization of a small coil using magnetic 
gradient imaging. Panel a, measured response for an applied 
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uniform gradient dB}/dy:3l5 fT/cm oscillating at 25 Hz. 
Panel b, measured response from a magnetic dipole IFI .25 
uA cm2 located 5.3 cm aWay and oscillating at 25 Hz With 
the magnetic dipole ?eld ?t. The large error bar on the 
middle data point represents the single channel noise level 
after 1 sec of integration. The small error bars represent the 
noise in the relative signal betWeen adjacent channels. The 
inset in panel b diagrams the disposition of the ?eld 
generating current loop With respect to the sensing cell. 

FIG. 10: Schematic diagram of an embodiment of an 
atomic magnetometer of the invention suitable for use in 
MEG on a human subject. 

FIG. 11: Schematic diagram shoWing a cutout of the 
sensing cell comer and the thin Wall of the oven facing a 
portion of the body of a subject. 

FIG. 12. Schematic diagram shoWing an arrangement of 
pump and probe laser beams and the measurement region in 
a sensing cell at their intersection. In the absence of ?eld 
modulation the magnetometer is sensitive to the magnetic 
?eld normal to the head a subject in the sample volume. 

FIG. 13: Simulated localization accuracy of a single 
current dipole for a 3-D grid of measurement points as a 
function of the grid spacing and the number of measurement 
points. 

DETAILED DESCRIPTION OF THE 
INVENTION 

As used herein, the term “magnetic polarization”, and 
similar terms and phrases, relate to the spin polarization of 
an ensemble of atoms having a nonzero quantum number, 
such as a nonzero orbital angular momentum quantum 
number, or a nonzero electron spin quantum number, or a 
nonzero nuclear spin quantum number, or any combination 
thereof. An ensemble having nonzero spin responds to a 
magnetic ?eld. Furthermore, the state of polarization is 
changed in response to changes in the magnetic ?eld 
imposed on the ensemble. 

As used herein the term “characteristics” and similar 
terms and phrases are used to relate a) to a source of a 
magnetic ?eld; b) to the properties of such a magnetic ?eld 
in a region of space in Which other sources of magnetization 
are also present; c) to the magnetic polarization of an 
ensemble of atoms sensitive to magnetic ?eld originating 
from the source even When other sources of magnetization 
are also present; d) to the altered properties of a probing 
modality Wherein the alteration re?ects the effects of the 
magnetization sensed by the ensemble of atoms and includ 
ing the effects of the magnetic ?eld originating from the 
source; e) to the properties of a signal generated by such an 
altered probing modality Wherein the signal includes the 
effects of the magnetization sensed by the ensemble of atoms 
and including the effects of the magnetic ?eld originating 
from the source; and f) to a representation of the magnetic 
signal originating from the source after the effects of all 
other sources of magnetization have been removed or mini 
mized. Characteristics include properties relating to the 
magnetic ?eld originating from the source including, by Way 
of nonlimiting example, spatial, temporal, amplitudinal, 
vectorial and similar properties of a source magnetic ?eld. 
Thus the phrase “characteristics related to a magnetic ?eld” 
and similar phrases, as used herein, is intended to convey 
that characteristics of a source of a magnetic ?eld, the 
properties of a magnetic ?eld, the magnetic polarization of 
atoms, or characteristics of a probing modality, or charac 
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8 
teristics of a signal, or characteristics of a representation, 
include information related to properties such as those 
exempli?ed above. 
As used herein, the term “output” and similar terms or 

phrases relate to a probe modality that has traversed a 
sensing cell of the invention and Whose properties have been 
altered by traversing the alkali metal vapor contained in the 
cell. The output probe modality, for example an output beam 
of probe radiation, includes characteristics of the magnetic 
polarization of the alkali metal vapor. 
As used herein, the term “representation”, and similar 

terms and phrases, relate to any verbal, numerical, tabular, 
graphical or multidimensional display conveying informa 
tion about, especially characteristics related to, a measured 
magnetic ?eld strength provided by the atomic magnetom 
eter of the invention. Thus, a representation may be as 
elementary as a single number or a verbal equivalent of such 
a number. Alternatively, a representation may be a set of 
numbers describing different aspects of the information 
related to the measured magnetic ?eld strength. Such a set 
of numbers may be displayed, by Way of nonlimiting 
example, as a vector, or as a matrix, or as a table. A 
representation may further include a graphical display pro 
viding a visual or pictorial image of the results of measure 
ments of the magnetic ?eld strength provided by the atomic 
magnetometer of the invention. In yet another example of a 
representation, additional dimensions portraying one, tWo, 
or three-dimensional spatial images, as Well as yet a different 
additional dimension representing time may be included in 
a representation. Any equivalent means of representing the 
results of the measurements of magnetic ?eld strength 
provided by the atomic magnetometer of the invention is 
understood to be Within the scope of the term “representa 
tion”. 
As used herein, the term “noble gas” and similar terms 

and expressions relates to any isotope of helium, neon, 
argon, krypton, xenon or radon. In addition, any mixture of 
noble gases is included by usage of “noble gas”. 
As used herein the term “optical polarization” and similar 

terms and phrases used that relate speci?cally to optical 
radiation are distinguished from “magnetic polarization” 
and similar terms. “Optical polarization” relates to the state 
of polarization of the Wave aspect of radiation as it propa 
gates. Optical polarization may synonymously be character 
ized as linearly polarized or plane polarized, Wherein a Wave 
describing the radiation is thought to vibrate in a single 
plane. Optical polarization characterized as circularly polar 
ized relates to vibration of a Wave of radiation that describes 
a helix as it propagates; the projection of the helix on to a 
plane perpendicular to the direction of propagation describes 
a circle. The helix may have a left handed sense of rotation 
as it propagates or it may have a right handed sense of 
rotation. 
The present invention provides an atomic magnetometer 

of compact size and high sensitivity. The invention addi 
tionally provides methods of determining magnetic ?eld 
strengths, their time dependence, and their spatial distribu 
tion With convenience, versatility and great sensitivity. 
Because of these and other attributes described herein, the 
invention provides distinct advantages With respect to 
atomic magnetometers already available in the ?eld. 
An important attribute of the magnetometer is that the 

magnetic ?eld sensing substance, an alkali metal vapor, is 
used at relatively high number density. This has the bene? 
cial effect of increasing the concentration of sensing atoms 
present per unit volume. Without Wishing to be bound by 
theory, there may be a concern that high atom density may 
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lead to disadvantageous increase in collisional spin 
exchange rates among the alkali metal atoms. In order to 
overcome the possibility that such a detriment may arise, the 
inventors operate the magnetometer in a small magnetic 
?eld. Without Wishing to be bound by theory, it is believed 
that operating the magnetometer in a small magnetic ?eld 
and With high number density of alkali metal eliminates 
spin-exchange relaxation. Furthermore, it is believed that the 
rate of response of the spins to the magnetic ?eld, the 
gyromagnetic ratio, is changing With the degree of spin 
polarization. Thus, operating near Zero magnetic ?eld elimi 
nates the sensitivity of the magnetometer to variations of the 
spin polariZation across the sample. 

Additionally, the inventors introduce a buffer gas, such as 
a noble gas, that sloWs the rate at Which the atoms hit the 
Wall. In addition nitrogen gas at a moderate partial pressure 
is also included to quench the optical transitions. Certain 
combinations of alkali metal-noble gas mixtures offer more 
advantageous sloWing of collision spin relaxation than oth 
ers. Additionally, the buffer gas sloWs diffusion of the alkali 
metal atoms, alloWing independent measurement of the 
magnetic ?eld in several adjacent regions of the cell. In 
addition, the buffer gas broadens the optical resonance lines 
of the atoms, alloWing one to use loW-cost broadband lasers 
and eliminating the need for precise stabiliZation of the laser 
frequency. 
An additional advantageous property of the present mag 

netometer is that, as a consequence of its increased sensi 
tivity, the overall dimensions of a cell containing the alkali 
metal vapor mixture is considerably reduced. This has the 
advantage of conferring convenience, greater portability, 
and greater versatility in obtaining measurements on various 
subjects or objects. 
The present invention provides a high sensitivity atomic 

magnetometer that includes several important components 
(see FIG. 1). A sensing cell 100 is an enclosure containing 
a mixture that becomes magnetically sensitive upon opera 
tion of the apparatus. The sensing cell contains a mixture of 
an alkali metal vapor that is sensitive to a loW intensity 
magnetic ?eld, a buffer gas, and may additionally contain a 
quenching gas component. The alkali metal vapor is pro 
vided from a reservoir of the metal introduced as a solid 
upon fabrication of the cell. The sensitivity of the magne 
tometer is advantageously enhanced by operation at a high 
density of the alkali metal; this is achieved by heating the 
sensing cell to a temperature that provides a relatively high 
partial pressure of the alkali metal in the vapor. In various 
embodiments, the number density of the alkali metal atoms 
in l2the vapor may about 1011 cm-3 or greater, or about 
10 cm'3 or greater, or about 1013 cm'3 or greater, or about 
5><l0l3 cm'3 or greater, or about 1014 cm'3 or greater, or 
about 5><l0l4 cm-3 or even greater. In important embodi 
ments of a magnetometer of the invention, the alkali metal 
density is suf?ciently high that the maximum deviation of 
the magnetic ?eld from Zero times u/h, Where p. is the 
magnetic dipole moment, and h is Planck’s constant, is 
much less than the spin exchange rate. In addition, the 
sensing cell is maintained in an environment that is free of 
background magnetic ?elds; the background magnetic ?eld 
is loWer than a predetermined value. The background may 
be less than about 10-7 tesla, or less than about 3x10‘8 tesla, 
or less than about 10'8 tesla, or less than about 3x10“9 tesla, 
or even less. An important Way of achieving this is to apply 
bias ?elds using the magnetizing means 120 (FIG. 1; 
described more fully beloW) to counter any residual envi 
ronmental ?elds reaching the sensing cell. For example, a 
feedback system may be utiliZed to keep the magnetic ?eld 
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10 
close to Zero, such as a feedback using a signal generated by 
an output detecting means (described more fully beloW). 

In order to provide such high vapor densities of the alkali 
metal the sensing cell is maintained at an elevated tempera 
ture effective to provide an alkali metal vapor. In various 
embodiments the alkali metal may be chosen from among 
sodium, potassium, rubidium and cesium; in a particularly 
signi?cant embodiment the alkali metal is potassium. 
The sensing cell employed in the atomic magnetometer 

also contains a buffer gas. Components of the buffer gas are 
chemically unreactive With the alkali metal atoms in the 
vapor. In common embodiments of the invention the buffer 
gas includes a noble gas, such as helium, neon, argon, xenon 
or krypton; in a signi?cant embodiment of the invention, the 
buffer gas contains one or more isotopes of helium, i.e., 3He 
or 4He. The buffer gas is included at a relatively high 
pressure. It is believed that a relatively high pressure of the 
buffer gas has the bene?cial effects of shortening the diffu 
sion path of the alkali metal, thereby enhancing the spatial 
resolution of the magnetometer. Advantageously, the pres 
sure of the buffer gas may be about 1 atm or greater, or 2 atm 
or greater, or 3 atm or greater, or 5 atm or greater, or 8 atm 
or greater, or even 10 atm or greater. In addition, the buffer 
gas may also include a quenching component; in favorable 
embodiments the quenching component may be nitrogen 
gas. When present, the nitrogen gas may be included at a 
partial pressure of about 10 torr or greater, or about 30 torr 
or greater, or about 60 torr or greater, or about 100 torr or 

greater, or even about 200 torr or greater. Furthermore, the 
buffer gas may be constituted solely of nitrogen gas, in 
Which case its pressure may range as high as 10 atm. In 
general, the pressure of the buffer gas is su?icient to sloW the 
diffusion of the alkali metal atoms to the Walls of the sensing 
cell, thus achieving long spin relaxation time. Any equiva 
lent bulfer gas is contemplated to be Within the scope of the 
invention. 
The sensing cell may be fabricated of any material 

compatible With the requirements of the apparatus; for 
example, the material must be inert With respect to the 
reactive alkali metal vapor, and must sustain the physical 
stress of high pressure of the buffer gas. As Will be seen 
beloW, in many embodiments of the magnetometer the 
sensing cell transmits optical radiation through it; thus the 
sensing cell must be transparent to the radiation used and 
have WindoWs that transmit beams of radiation Without loss 
or distortion. In addition the sensing cell must be maintained 
at elevated temperature to volatiliZe the alkali metal atoms. 
The sensitivity of the magnetometer is related to the number 
of magnetic ?eld sensing atoms employed. Thus, in addition 
to increasing the number density of alkali metal atoms by 
raising the temperature, their number may also be increased 
by employing a larger sensing cell. This advantage is offset 
by the desire of the present inventors to keep the overall 
dimensions of the magnetometer as compact as possible. As 
employed in the present invention, the enclosed volume of 
the sensing cell may be about 300 cm3 or less, or about 200 
cm3 or less, or about 100 cm3 or less, or about 75 cm3 or less, 
or about 50 cm3 or less, or about 25 cm3 or less, or about 10 
cm3 or less, or about 5 cm3 or less. 
A further important module of the magnetometer dis 

closed herein includes means for increasing the magnetic 
polariZation of the alkali metal vapor contained in the 
sensing cell (FIG. 1, 200). This serves to increase the 
sensitivity of the alkali metal vapor to a loW intensity 
magnetic ?eld impinging upon the sensing cell 100. In 
general, magnetic polariZation in the alkali metal vapor may 
be increased by transmitting into the vapor any form of 
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energy that includes a strong magnetic component. The 
present invention contemplates any means for transmitting 
such magnetic energy into the sensing cell, including, by 
Way of nonlimiting example, electromagnetic radiation, 
focused or oriented magnetic ?elds, and any equivalent 
means that effectively increases the magnetic polarization of 
the alkali metal atoms. The heavy dashed line projecting 
from the means for increasing the magnetic polarization of 
the alkali metal vapor, 200, to and, in general through, the 
sensing cell 100 portrayed in FIG. 1 is intended to indicate 
that the means 200, although separate from the sensing cell 
100, nevertheless projects the energy for increasing the 
magnetic polarization of the alkali metal vapor into the 
vapor. 
An important embodiment of the means for increasing the 

magnetic polarization of the alkali metal vapor 200 is 
exempli?ed in FIG. 2, Which shoWs the means 200 in an 
expanded vieW. Encompassed Within it is a ?rst radiation 
generating means 220 that generates a ?rst beam of radiation 
that is projected such that it illuminates the sensing cell and 
the alkali metal vapor contained Within it. The energy of the 
?rst beam of radiation is suf?cient effectively to increase the 
magnetic polarization of the alkali metal vapor. In an impor 
tant embodiment, the ?rst radiation generating means 
includes a ?rst laser device. The attributes of the ?rst laser 
device are such that it generates a beam of radiation Whose 
radiation frequency and intensity are effective to increase the 
magnetic polarization of the alkali metal vapor. In order to 
attain a signi?cant increase in the magnetic polarization of 
the alkali metal vapor, the ?rst laser device is typically a 
high poWer laser Whose radiation may be continuous or may 
be generated in pulses. The high poWer laser is frequently 
called an optical pumping laser, Whose effect is to spin 
polarize the alkali metal ions. Magnetization is commonly 
described in terms of components oriented along the 
orthogonal three Cartesian directions. As described herein, 
the direction of propagation of the ?rst beam of radiation 
impinging upon the sensing cell is designated the z direction. 

The performance of the present magnetometer is 
enhanced When the total rate of optical pumping and spin 
relaxation is greater than the bandWidth of signals to be 
detected. Additionally the magnetometer is bene?cially 
operated When the total rate of optical pumping and spin 
relaxation is greater than the deviation of the magnetic ?eld 
from zero times u/h. When the pressure of the buffer gas is 
su?icient the high poWer laser for the optical pumping may 
be a broadband diode laser. 

In this embodiment, the means for increasing the mag 
netic polarization of the alkali metal vapor 200 further 
includes a ?rst optical polarizing means 240 (FIG. 2) that 
polarizes the ?rst beam of radiation. In various embodi 
ments, ?rst optical polarizing means provides linearly polar 
ized radiation, or circularly polarized radiation, Which may 
be left circularly polarized, right circularly polarized, or may 
alternate betWeen left and right circular polarization. In 
addition, in certain other embodiments, the means for 
increasing the magnetic polarization of the alkali metal 
vapor 200 further optionally includes a ?rst modulator 260 
(FIG. 2) that modulates the ?rst beam of radiation by a ?rst 
modulation function. Such modulation, When employed, 
advantageously enhances the sensitivity of detection. Fur 
thermore, different modulation functions may be applied to 
different parts of the polarizing beam. In this method dif 
ferent regions of the sensing cell experience different modu 
lation conditions of the polarizing beam. These differences 
can be detected by the probe beam and be used to uniquely 
identify magnetic signals coming from different regions of 
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the cell. In certain embodiments, a component that operates 
both to polarize the ?rst beam of radiation and to modulate 
it may be incorporated into a single physical entity. 

In additional signi?cant embodiments of the magnetom 
eter the pump beam used to increasing the magnetic polar 
ization of the alkali metal vapor is tuned on resonance With 
the absorption of the vapor and is circularly polarized. 

In general, any equivalent items of apparatus that operate 
to project energy onto the alkali metal atoms of the sensing 
cell in order to increase their magnetic polarization are 
encompassed Within the scope of the means for increasing 
the magnetic polarization of the alkali metal vapor. Such 
modalities are knoWn to Workers of skill in ?elds related to 
the present invention, including by Way of nonlimiting 
example, physicists, optical engineers, electrical engineers, 
and the like. 
The atomic magnetometer of the present invention addi 

tionally includes means for probing the magnetic polariza 
tion of the alkali metal vapor 300 (FIG. 1). The probing 
means 300 interrogates the magnetic polarization of the 
vapor; the magnetic polarization in general includes a con 
tribution resulting from the effect on the alkali metal atoms 
of a loW intensity magnetic ?eld intended to be measured by 
the atomic magnetometer. In this Way the probing means 
induces the provision of an output that includes character 
istics related to the loW intensity magnetic ?eld that the 
magnetometer is intended to measure. The output is pro 
vided after the probing means has interrogated the vapor. 
An embodiment of the probing means 300 is further 

exempli?ed in FIG. 3. This embodiment includes a second 
radiation generating means 320 that generates a second 
beam of radiation traversing the alkali metal vapor. In 
advantageous embodiments the second radiation generating 
means includes a second laser. The frequency and intensity 
of the second beam of radiation are effective to interrogate 
the magnetic polarization of the alkali metal vapor Without 
affecting the magnetic polarization signi?cantly. In particu 
lar, its frequency differs from that of the ?rst beam of 
radiation, being detuned from the resonance frequency of the 
vapor, suf?ciently that no absorption occurs. In embodi 
ments of the magnetometer employing Cartesian coordi 
nates for description, a second beam of radiation impinges 
on and traverses the sensing cell in the x direction; additional 
second beams, polarized and modulated as described beloW, 
may impinge in other directions of the Cartesian coordinate 
domain. 

In advantageous embodiments the means for probing the 
magnetic polarization of the alkali metal vapor 300 further 
includes a second optical polarizing means 340. In various 
embodiments the second optical polarizing means provides 
linearly polarized radiation, or circularly polarized radiation, 
Which may be left circularly polarized, right circularly 
polarized, or may alternate betWeen the tWo states. In 
addition, in certain other embodiments, the means for prob 
ing the magnetic polarization of the alkali metal vapor 300 
further includes a second modulator 360 (FIG. 3) that 
modulates the second beam of radiation by a second modu 
lation function. The second modulator advantageously 
serves to enhance the sensitivity of detection. When the 
pressure of the buffer gas in the sensing cell is suf?cient the 
laser used for probing the magnetization of the alkali metal 
atoms may be a broadband diode laser. 

In signi?cant embodiments of the magnetometer the 
probe beam is tuned olf resonance from the absorption of the 
alkali vapor, and is linearly polarized. 
The output of the probing means is found after the probing 

means has traversed the sensing cell. In the embodiments 




























